We present new, accurate predictions for rotational line positions, excitation energies, and transition probabilities of the 12 C 13 C isotopologue Swan d 3 Π-a 3 Π system 0-0, 0−1, 0−2, 1−0, 1−1, 1−2, 2−0, 2−1, and 2−2 vibrational bands. The line positions and energy levels were predicted through new analyses of published laboratory data for the 12 C 13 C lines. Transition probabilities were derived from recent computations of transition dipole moments and related quantities. The 12 C 13 C line data were combined with similar data for 12 C 2, reported in a companion paper, and applied to produce synthetic spectra of carbon-rich metal-poor stars that have strong C 2 Swan bands. The matches between synthesized and observed spectra were used to estimate band head positions for a few of the 12 C 13 C vibrational bands and to verify that the new computed line data match observed spectra. The much weaker C 2 lines of the bright red giant Arcturus were also synthesized in the band head regions.
INTRODUCTION
Electronic spectra of C 2 have been studied extensively, from the near-infrared to the far-ultraviolet, and the general properties of the various band systems have been known for some time (e.g., Huber & Herzberg 1979) . Of the known C 2 transitions, the Swan system (d 3 Π g -a 3 Π u ) has been studied for more than a century. This system has been the focus of much attention mainly because of its presence in many astronomical objects including comets, interstellar clouds, late-type stars, and the Sun (Brooke et al. 2013 and references therein). The characteristic bands of the Swan system are also detected easily in hydrocarbon combustion.
In spite of much interest in the main isotopic form 12 C 2 , only limited laboratory data are available for the minor isotopologues, 12 C 13 C and 13 C 2 . However, lines arising from 12 C 13 C are seen in many carbon stars; therefore, accurate laboratory measurements are needed. In a previous study, Pesic et al. (1983) reported the observation of several bands of the Swan system at moderate resolution using a hollow cathode discharge of argon and 13 C-enriched benzene. They carried out a rotational analysis of six 13 C 2 bands and the 0-1, 1-1, and 1-0 bands of 12 C 13 C. The 13 C 2 bands were much stronger in their spectra, causing frequent overlapping with the rotational lines of 12 C 13 C. Recently, several 12 C 2 , 13 C 2, and 12 C 13 C bands of the Swan system were observed at low resolution by Dong et al. (2013) during a carbon isotope analysis experiment with laser ablation of samples containing 12 C and 13 C mixtures. In a highresolution study, Amiot (1983) recorded spectra of the 0-0 Swan bands of 12 C 2 , 13 C 2, and 12 C 13 C isotopologues using a Fourier transform spectrometer (FTS) . High-resolution data on bands with higher vibrational levels, (v 1), have been lacking, and so astronomers have been forced to use approximate line positions predicted from estimated 12 C 13 C spectroscopic constants, which are entirely based on 12 C 2 spectroscopic constants and isotopic relationships.
In related work, Amiot & Verges (1982) reported an analysis of the 0-0 band of the Ballik-Ramsay system of 13 C 2 and 12 C 13 C using high-resolution spectra recorded with an FTS. This study was followed with a high-resolution analysis of 12 bands of the Ballik-Ramsay system of 13 C 2 (with v = 0-6, v = 0-3) and seven bands of 12 C 13 C (with v = 0-3, v = 0-2) by Islami & Amiot (1986) .
Along with the major isotopologue, the minor 12 C 13 C isotopologue has also been observed in diverse astronomical sources, and has been used to determine their 12 C/ 13 C isotopic ratios. For example, Krishna Swamy (1987) performed statistical thermodynamic calculations to compare with the moderately highresolution observations of comet West by Lambert & Danks (1983) . More recently, Rousselot et al. (2012) obtained the 12 C/ 13 C isotopic ratios of 85 ± 20 and 80 ± 20 for comet T7 (LINEAR) and comet Q4 (NEAT), respectively. Hema et al. (2012) investigated the high-resolution spectra of R Coronae Borealis stars and hydrogen-deficient carbon stars by synthesizing the 0-1, 0-0, and 1-0 bands of the Swan system for 12 C 2 and 12 C 13 C. The present work has been undertaken to predict more precise line positions of the 12 C 13 C Swan system based on spectroscopic constants from the FTS measurements determined by Amiot and coworkers, cited above. The spectroscopic constants for v = 1 and 2 in the d 3 Π state were estimated using accurate v = 0 constants and 12 C 13 C equilibrium constants, which were estimated from the equilibrium constants of the 12 C 2 Swan system (Brooke et al. 2013 ) and isotopic relationships. We then applied these line data to the spectra of a carbon-rich lowmetallicity star and to the well-studied K giant Arcturus.
METHOD OF CALCULATION
The rotational line positions of the 0-0 band of the 12 C 13 C Swan system d 3 Π-a 3 Π (Amiot 1983) , and the 0−0, 1−0, 1−1, 2−0, 2−1, 3−1, and 3−2 bands of the Ballik-Ramsay system ( were fitted simultaneously using the pgopher program (Western 2010) . 6 In addition to new spectroscopic constants for the b 3 Σ − state, this fit provided the constants for the v = 0, 1, and 2 vibrational levels of the a 3 Π state and the v = 0 level of d 3 Π state. The Amiot group observed several perturbations in the two band systems. All of the lines affected by local perturbations were given lower weights in the fits and were expected to have a minimal effect on the isotopic relationships. Next, the equilibrium constants of the a 3 Π and d 3 Π states of 12 C 13 C were calculated (Table 1 ) using the equilibrium constants of these states in 12 C 2 (Brooke et al. 2013 ) and the isotopic relationships: (Brooke et al. 2013) . Tables 2 and 3 Tables 2 and 3 , are expected to be more reliable than those calculated entirely using the isotopic relationships. The inclusion of the 0−1, 1−1, and 1−0 line positions from Pesic et al. (1983) deteriorated the fit because of the large uncertainty in their measurements, which was partly due to strong overlapping from 13 C 2 bands.
CALCULATION OF LINE STRENGTHS
The line strengths for various bands of the d 3 Π-a 3 Π transition of 12 C 13 C were calculated in the form of Einstein A-coefficients and oscillator strengths (f-values). Computational details for the 12 C 2 Swan bands are provided by Brooke et al. (2013) . The Einstein A-coefficients have been calculated using the following equation:
where S 
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
following equation:
Complete data for the 12 C 13 C Swan band 0−1, 0−2, 1−0, 1−1, 1−2, 2−0, 2−1, and 2−2 band transitions considered in this study are given in Table 4 . The quantities include: vibrational and rotational line designations, observed and calculated wavenumbers and their differences, energy levels, Einstein A values and oscillator strengths (f-values), and summary line designations.
APPLICATION OF THE NEW C 2 DATA
TO STELLAR SPECTRA
Generation of Line Lists
In stellar abundance analyses, one needs line lists with wavelengths, lower-state excitation energies, and transition probabilities (usually expressed as log gf values) for all relevant molecular and atomic absorbers. For C 2, we generated a line list suitable for input to the current version of the LTE synthetic spectrum code, MOOG (Sneden 1973) . The relevant quantities for each line were derived for 12 C 2 from the data in the table in Appendix A of Brooke et al. (2013) and for 12 C 13 C from the data in Table 4 . The resultant line list, containing nearly 184,000 transitions, can be obtained from the authors. Wavenumbers in air were computed from the vacuum wavenumbers with the Birch & Downs (1994) corrected version of Edlén's (1966) conversion formula, and inverted to produce air wavelengths in Angstroms. For lines with laboratory detections we adopted the measured wavenumbers, and 9 http://www.as.utexas.edu/∼chris/lab.html used the predicted wavenumbers for the other transitions. We changed the lower-state energies E from units of cm −1 to eV, a common convention in astronomy. Finally, we converted the Einstein spontaneous emission coefficient A to the commonly used gf via gf = f J ←J (2J + 1)
The MOOG code follows the development of Schadee (1964) for diatomic molecules. His approach combined Saha and Boltzmann equations to form a transition lower-state electron number density in terms of the constituent atomic free number densities (after molecular equilibrium computations), their partition functions, and the molecular dissociation energy.
The C 2 dissociation energy is well determined (e.g., D 0 = 6.30 eV, Urdahl et al. 1991; 6.27 eV, Pradhan et al. 1994) . We adopted D 0 = 6.27 eV. In the Sun, and most cool stars, the free number density of carbon depends almost entirely on the CO formation, that is
where P(C) is the fictitious (in the absence of any molecular or ionized species) pressure of carbon. The C 2 molecule is at most a trace constituent in typical, cool, stellar atmospheres, so its dissociation energy is unimportant for this equilibrium equation. In line-forming regions (τ ∼ −1) of the solar atmosphere, C 2 comprises about 0.01% of the total carbon, and in lower-pressure G-K giants the percentage of C 2 is orders of magnitude less.
Diatomic molecular partition functions mathematically cancel out in the Schadee (1964) line opacity equations. However, the partition functions for homonuclear 12 C 2 and heteronuclear 12 C 13 C differ by a factor of two because the parent molecule has half as many energy states as the isotopic form. This difference cannot be accounted for in MOOG's implementation of the Schadee formalism (D. L. Lambert 2013, private communication; see also the discussion in Cohen et al. 2006) . Since C 2 is the only homonuclear molecule of interest in stellar spectroscopic investigations, we chose to make no general alteration to the synthesis code. Rather, like Cohen et al., we simply divided the gf values computed as above by a factor of two to mimic the partition function differences. This choice is reflected in our final C 2 line list, which contains all parent and isotopic lines from this study.
C 2 Swan Bands in Carbon-enhanced Metal-poor Stars
The major absorption bands of the C 2 Swan system occur in the 4500-5700 Å spectral region. However, in stars with abundance mixes like that of the Sun, the Swan system produces relatively weak absorption features that often are significantly contaminated with or completely masked by atomic lines. The strongest Swan bands, those of the Δv = 0 sequence, occur near 5100 Å, just where the strongest MgH A 2 Π-X 2 Σ + bands are located (e.g., Hinkle et al. 2013 and references therein). Indeed, Swan system lines often serve as contaminants to MgH. As such, they increase the difficulty in deriving reliable Mg isotopic ratios from MgH, while not presenting enough isolated C 2 features for a reliable carbon abundance analysis. In order to make a cleaner test of our new line list, first we decided to generate synthetic spectra of the Swan bands to compare with high-resolution spectra of so-called "carbon- Five 1200 s exposures were collected, using a 0 .86 slit width, which yields a spectral resolution of R ≈ 45,000. Spectra cover the range between 3840 and 5330 Å. For more details about the observations, the interested reader is referred to Cohen et al. These archival spectra were reduced using the MAKEE 10 spectrum reduction package, then continuum-normalized and shifted to rest-frame using IRAF.
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All of the CEMP stars in the Cohen et al. (2006) survey are very metal-poor (-3.30 [Fe/H] −1.85), relatively warm (4945 K T eff 6240 K) subgiants and giants (2.0 log g 3.7). These parameters combine to yield very weak atomic absorption lines in their spectra. However, the majority of CEMP stars are also enriched in neutron-capture (n-capture) elements, most noticeably in barium (Z = 56), the lanthanides (57 Z 71), and lead (Z = 82). Transitions arising from ionized n-capture species can be seen especially in the blue-violet spectral regions. Detailed abundance studies of these kinds of CEMP stars indicate that the dominant n-capture synthesis mechanism has been the slow "s-process" (e.g., Sneden et al. 2008 and references therein), so such stars are labeled CEMP-s.
Almost all very metal-poor halo stars have relative overabundances with respect to iron of the "α" elements Mg, Si, Ca, and Ti. The Cohen et al. (2006) sample is no exception, with [Mg/Fe] ∼ +0.5, but since the mean metallicity of their stars is [Fe/H] ∼ −2.1, the total magnesium abundance is still very small, thus absorption by MgH must be very weak or completely absent. Of course, carbon is very overabundant in CEMP stars; the mean enhancement in the Cohen et al. sample is [C/Fe] ∼ 1.9 ( [C/H] ∼ −0.2), making C 2 the dominant spectral feature near 5000 Å.
We inspected our set of Cohen et al. (2006) data, seeking stars with the largest C 2 absorption combined with the lowest 12 C/ 13 C ratios, in order to see the 12 C 13 C isotopic band structures. We found clearly identifiable 1-0 and 2-1 P-branch band heads of this isotopologue in six stars, and 0-1 band heads in one star. For the 0-1 band region we added a spectrum of the CEMP subgiant, LP 625-44 (Aoki et al. 2006 and references therein), which was obtained by David Lai with Hamspec at Lick Observatory. From these spectra, we estimated the observed band head wavelength differences, λ( 12 C 13 C)-λ( 12 C 2 ). For this exercise, we defined the wavelength of deepest absorption to be the band head, which we estimated to be ∼0.3 Å blueward of the P-branch red-edge wavelength. From the wavelength differences, we computed 12 C 13 C band head wavelengths using the corresponding 12 C 2 wavelengths derived by Brooke et al. (2013) . In Table 5 we list the 12 C 2 band heads from that paper, our observed stellar and predicted 12 C 13 C band heads, our predicted isotopic shifts, and those of Pesic et al. (1983) . Clearly, our predicted band head positions are in good agreement with the observed ones.
We chose to concentrate on the star HE 0212-0557 to compare our predicted 12 C 13 C line data with observations over larger wavelength ranges. For details about the model parameter and abundance determinations of this star, see Cohen et al. (2006) . Briefly, they derived T eff = 5075 K, log g = 2.15, v micro = 1.8 km s We first produced synthetic spectra with the MOOG code, generating input quantities as follows. A model atmosphere for HE 0212-0557 with the Cohen et al. (2006) parameters T eff , log g, [Fe/H] , v micro was calculated by interpolating in the ATLAS model grid (Kurucz 2011 and references therein) . 12 We constructed the line lists beginning with the 12 C 2 and 12 C 13 C lines described above, and added atomic lines from Kurucz's line compendium. 13 For most atomic lines, we adopted the transition probabilities from the Kurucz database, but for neutron-capture elements (particularly the rare-earth ions) we adopted the gf's determined in a series of papers by the Wisconsin atomic physics group (Sneden et al. 2009 and references therein). The computed spectra were then convolved with Gaussian functions that empirically accounted for the combined effects of the Keck spectrograph slit function and stellar macroturbulence. Finally, we compared the synthetic spectra to the observed HE 0212-0557 spectrum, which had been corrected for its apparent radial velocity and continuum-normalized.
Some illustrative spectra of 12 C 2 and 12 C 13 C bands in HE 0212-0557 are provided in Figures 1 and 2 . We show spectra for small wavelength ranges that include the 0-0 and 1-1 band heads in Figure 1 . Absorption by C 2 dominates the spectrum 12 http://kurucz.harvard.edu/grids.html 13 http://kurucz.harvard.edu/linelists.html blueward of 5165 Å. Isotopic wavelength shifts of the Δv = 0 bands are very small; the 12 C 2 and 12 C 13 C band heads are indistinguishable. Nevertheless, it is easy to see that the observed spectrum must include large contributions from 12 C 13 C lines. We varied the carbon isotopic ratio and the total carbon abundance until the best synthetic/observed spectrum match was abundance mixtures the Mg i lines dominate the 5160-5190 Å spectral region. Their relative weakness compared to C 2 is one of the defining characteristics of an extreme CEMP star; HE 0212-0557 is a near-textbook example of such an object.
In Figure 2 we show small wavelength sections that cover the 1-0 and 2-1 band heads. Happily, the isotope shifts for the Δv = +1 sequence are large; the 12 C 13 C band heads are about 8 Å to the red of their 12 C 2 counterparts. This allows a much easier estimation of the isotopic ratio. Our derived total carbon abundance (log ε(C) = 8.09 ± 0.05) and 12 C/ 13 C ratio (4.5 ± 0.5) are indistinguishable from those obtained from the Δv = 0 bands. In panel (a) of this figure we have labeled three prominent rare-earth, ionized-species transitions. These lines would be extremely weak in metal-poor stars without the enormous overabundances of the n-capture elements of HE 0212-0557. There are other n-capture absorptions that appear among the C 2 bands; their inclusion in our syntheses improves the quality of the match to the observed spectrum. In panel (b) the 12 C 2 2-1 band head is easily identified since it dominates the absorption in the 4712-4716 Å region. One can also find the 12 C 13 C 2-1 band head at 4722 Å, but this task is made much more difficult by the strong absorption lines in this region due to 1-0 12 C 2 and 12 C 13 C. Our stated errors for [C/Fe] and 12 C/ 13 C simply reflect uncertainties in matching the observed spectrum. Strong C 2 Swan absorption occurs throughout the 4500-5200 Å region in HE 0212-0557. This makes accurate continuum placement somewhat difficult, especially near the C 2 band heads. However, our synthetic spectra were computed over about 100 Å each in the Δv = 0 and +1 wavelength regions, and we derived consistent carbon abundances and isotopic ratios in all of the synthesized regions. Note that our ±0.05 error in total carbon abundance is very small because of the great sensitivity of the "doublemetal" C 2 absorption to the carbon abundance. In these illustrative synthetic spectrum computations, we have not attempted to estimate the effects of model atmosphere parameters on [C/Fe]; see Cohen et al. (2006) for an extensive uncertainty analysis. However, we should re-emphasize statements from many past isotopic investigations: derived 12 C/ 13 C ratios are almost totally insensitive to errors in T eff , log g, and [M/H] because the molecular parameters (dissociation and excitation energies, transition probabilities) are nearly identical for 12 C 2 and 12 C 13 C. Our HE 0212-0557 spectrum does not extend into the wavelength region of the Δv = −1 bands, which cover about 5400-5640 Å; the 12 C 2 0-1 band head lies at 5635 Å. These bands are somewhat weaker than the Δv = 0 and +1 sequences, and the isotopic shifts are to the blue. For example, the 12 C 13 C 0-1 band head lies at 5625 Å. We synthesized this region to compare with the spectrum of another Cohen et al. (2006) star, HE 1150-0428, which has a very low 12 C/ 13 C ratio. We detected the 12 C 13 C band head, and confirmed that our line list accurately matches the wavelengths of the observed spectrum. 
C 2 in Arcturus
The very bright K-giant star Arcturus has been studied at high spectral resolution for decades. The atmospheric parameters of this mildly metal-poor star are well known (T eff = 4300 K, log g = 1.50, v micro = 1.5, [Fe/H] = −0.50; e.g., Bergemann et al. 2012) . Its spectrum is used as a template for studies of other cool stars, which sometimes become differential analyses with respect to Arcturus.
The C 2 Swan bands are very weak in the Arcturus spectrum, and their lines are often completely masked by strong atomic lines. Additionally, in discussing new line data for the MgH molecule, Hinkle et al. (2013) included an estimate of the Mg isotopic fractions in Arcturus. Thus, unlike the CEMP-s star discussed in Section 4.2, the MgH lines mixed in with the C 2 Δv = 0 system in Arcturus make a carbon abundance analysis very challenging.
In Figure 3 we show synthesized and observed 0-0 and 0-1 Swan band heads in Arcturus. The observed spectrum is the very high resolution and signal-to-noise Arcturus atlas of Hinkle et al. (2000) . The synthetic spectra were generated in the same manner as those of HE 0212-0557 discussed in Section 4.2. Both band heads are severely compromised with contamination by other species. In panel (a), the combined 12 C 2 and 12 C 13 C 0-0 band head near 5165.3 Å is detectable, but obviously there are cleaner C 2 features away from the band head that are better carbon abundance indicators. In panel (b), the much weaker 12 C 2 0-1 band head near 5636.5 Å is adequate for abundance studies because the atomic contamination is weak. However, we do not show the 12 C 13 C band head near 5625.9 Å because it is completely buried underneath several strong atomic lines. Given the overall metallicity of Arcturus, 13 C would need to be much more abundant to be detectable with confidence in this spectral region. Even less promising are the 12 C 2 and 12 C 13 C 0-1 band heads at 4737 and 4744 Å; both are very weak and severely blended in the Arcturus spectrum. The best options for determining the carbon abundance from C 2 in this star (and others like it) appear to be individual transitions of the 0-0 band and the 0-1 band head. The 12 C/ 13 C ratios in ordinary cool giants are probably better determined from other molecular features, e.g., the CN red system. Some funding was also provided by the NASA laboratory astrophysics program.
The stellar spectra data presented herein were obtained at the W. M. Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California, and the National Aeronautics and Space Administration. The Observatory was made possible by the generous financial support of the W. M. Keck Foundation.
